I. INTRODUCTION
Along the last years, the commercially available electric vehicles (EVs) were equipped with on-board battery chargers that are only able to accomplish basic charging from the grid [1] , [2] . This operation, classified as grid-to-vehicle (G2V), is controlled only by the on-board EV charger, without considering the grid constraints. As a consequence, the massive and uncontrolled introduction of EVs may bring several critical drawbacks in the operation of the grid, both in terms of efficiency and power quality [3] [4] [5] [6] [7] , as exemplified in [8] , which presents a power quality analysis for the smart grid (SG) in view of the inclusion of EVs.
Given the trend of wide dissemination of electric mobility around the world in the near future, besides the G2V operation mode, new perceptions for the EV operation are emerging, which place the EV as an asset to the grid [9] . The perspectives of contribution of the EV operation for microgrids and SGs, in terms of flexibility of charging, are presented, respectively, in [10] and [11] . Taking into account that the EV is generally parked during long times, it can act as an energy storage system. Therefore, the option to use the stored energy in the EV battery arises as a relevant influence factor to support the grid in terms of stability. This operation, classified as vehicle-to-grid (V2G), is one of the most promising factors for the EV integration toward the development of a SG [12] [13] [14] . Experimental validations of these applications are presented in [15] and [16] , and the evolution of the G2V and V2G interactions with the grid is presented in [17] . In a SG perspective, it is conceivable to establish an energy management approach considering the EV operation as an energy storage system through the G2V and V2G modes [18] . As an example, a power management strategy enhancing the EV operation in microgrids is presented in [19] . This bidirectional operation is more significant due to the regular intermittence of the energy produced from renewable energy sources, where the EV can symbolize an interesting option to exchange energy with the grid. In this context, a cooperative EV charging with renewables targeting to diminish greenhouse gases emissions is presented in [20] , a demand-side management approach using renewables and the EV in G2V and V2G modes is presented in [21] , and the EV utilization with renewables towards the reduction of costs and emissions is presented in [22] .
Associating all of its benefits for diverse circumstances of operation, the EV appears as a key element in SGs, where the home charging will also contribute to the dissemination of SHs. In fact, SHs represent a booster effect for the SGs operation [23] . A set of technologies, methodologies, approaches, and foresights to assimilate the EV into a SH is presented in [24] , and the customer perspective of an optimized EV charging process is presented in [25] . As a consequence, new challenges in terms of charging infrastructures involving SHs are emerging, where, besides the charging from the classical on-board EV charger, the EV can be charged from off-board chargers with higher power ratings [26] . Off-board charging infrastructures are appearing with different power ratings (from few kW to hundreds of kW) as a contribution to accomplish the EV owner requirements, mainly to reduce the EV range anxiety [27] .
In the scope of this paper, a new concept for the EV home charging is presented, where an innovative off-board EV home charging station (EV-HCS) is proposed as a SH enabler. Accordingly, besides the operation in G2V and V2G modes, the main contributions of this paper are described as follows: (a) EV-HCS prepared to charge the EV through a dc interface directly to the EV battery, performing the charging as fast as possible, i.e., faster than an on-board charger (> 3.5 kW), but slower than a public off-board charger (< 50 kW); (b) As a contribution for SHs, the EV-HCS regulates its operational power as a meaning of the operating power of the other electrical appliances, i.e., establishing a power management strategy for all the plugged-in electrical appliances at the home; (c) Off-board single-phase EV-HCS able to operate as an active conditioner, permitting to compensate power quality problems caused by the electrical appliances and/or to provide power quality functionalities to the SG; (d) Power quality compensation at home level, performed with or without an EV plugged-in, which signifies an attractive functionality for enhancing the operation of SHs and SGs.
The EV-HCS, as well as the proposed different functionalities, represents numerous new contributions when compared with the classical EV supply equipment (EVSE). However, it is also imperative to note that some interesting ideas related to the EV utilization in SHs were already explored. For instance, a flexible EV charging process is offered in [28] , however, only for an on-board EV charger and without the option to operate as an active power conditioner. New perspectives of action for an EV charger are presented in [29] , including the possibility to compensate power quality issues, however, only for an on-board EV charger, i.e., the new functionalities are only accessible when the EV is plugged-in. A simultaneous operation of an EV charger as an active filter and as a charger is proposed in [30] , however, the application is limited to an on-board EV charger. An EV battery charger permitting to produce reactive power to the grid is proposed in [31] , however, it is an on-board charger, where its process in SHs is limited to the period when the EV is plugged-in there. Analyzing all of these influences from the SH point of view, these functionalities are only viable when the EV is plugged-in, demonstrating a relevant disadvantage. This is even more problematic seeing the fact that the EV tends to be arbitrarily connected to the grid. Fig. 1 shows the EV-HCS, framed in a SH scenario, where the active and reactive power at the different points inside the SH are identified. The EV-HCS, as well as the electrical appliances, are connected to the grid through the switchboard, where is measured the current used in the control algorithm. The reactive power in the ac side of the SH means that the EV-HCS can provide capacitive or inductive reactive power for the SG, since the reactive power of the electrical appliances are compensated internally in the SH by the EV-HCS. A bidirectional operation with the EV battery is established by the EV-HCS directly through the dc EV interface. As shown in Fig. 1 , an internal cloud-based energy management is presented for the SH, establishing bidirectional communication with the EV-HCS and contributing to the definition of the functioning modes. Moreover, in order to support the grid, bidirectional communication is also recognized with an external cloud-based energy management.
The paper is structured according as follows: section II describes the EV-HCS and its interaction with the SH; section III presents the control algorithm in the context of a SH; section IV presents a computational validation of the proposed system; section V finalizes the paper with the main conclusions.
II. EV-HCS PROPOSED STRUCTURE
The hardware structure for the EV-HCS is presented in Fig. 2 , where a single-phase three-level ac-dc converter interfaces the grid and a three-level dc-dc converter interfaces the EV for a dc battery charging. Both the ac-dc and dc-dc converters are controlled by a current feedback, and both converters are connected through a dc-link. The above-mentioned topologies of single-phase ac-dc and dc-dc converters are quite relevant in an industrial electronics perspective; however, other topologies, as well as control strategies, can be adopted with the proposed functionalities.
The digital control is implemented based on the acquired variables from the grid-side (ac variables) and from the EV side (dc variables), allowing to control the EV-HCS as a unified power converter, with or without an EV plugged-in. Besides, it also contemplates bidirectional communication with the internal or external cloud-based energy management (cf. Fig. 1 ) with the objective to define set-points of operation (e.g., operating schedules and modes of operation) for the SH or for the SG operation.
The structure of the control algorithm for the EV-HCS is presented in Fig. 3 , where the distinct modes are identified. As it can be seen, several different scenarios are available, considering the possibility of operation as EV charging (G2V mode), EV discharging (V2G mode), active conditioning for the SH (home conditioner), or active conditioning for the SG (grid conditioner). Moreover, the association of some of these modes is also possible. For example, at the same time, the EV-HCS can operate as EV battery charger (G2V mode) and as active conditioner (compensating harmonics in the SH and producing reactive power as a influence to improve the power quality in the SG).
III. EV-HCS DIGITAL CONTROL IMPLEMENTATION
The control is established according to the presence of an EV (the EV can be plugged-in or not) and the requirements of power quality for the SH or for the SG. When the EV-HCS is compensating power quality problems without the EV plugged-in, the SH operates permanently with sinusoidal current, independently of the power quality problems associated to the voltage. In this case, only the necessary active power for the electrical appliances is provided by the grid, since the EV-HCS provides the reactive power and compensates the current harmonics of the electrical appliances. Therefore, from the grid point of view, the current in the SH is established as:
where ISH denotes the rms value of the SH current, PSH the active power in the SH, and VPG the rms value of the grid voltage. From (1), the value of the instantaneous power in the grid-side is determined as:
In the worst case, the EV-HCS should compensate the harmonics and the reactive power consumed by the appliances. Therefore, as the control is digitally implemented, the current value of the EV-HCS is determined as:
where iap denotes the instantaneous value of the electrical appliances current and PAP the active power consumed by the appliances, which is equal to the active power of the SH when
where M = 800 for a sampling frequency of 40 kHz. The rms value of the grid voltage is digitally determined during a grid period as:
Both PAP and VPG are continuously updated during each sampling period [n, n+1] with the obtained samples at [n]. Equation (3) defines the ac-side current of the EV-HCS (ihcs) when the EV is not plugged-in. On the other hand, when an EV is plugged-in, the necessary active power is provided by the grid to the EV-HCS. Therefore, a parcel of power, defined by iev and vev, is added to (3), resulting in:
When the EV-HCS is used to charge (G2V) or discharge (V2G) the EV battery, to compensate harmonics in the SH and to produce reactive power for the SG, the current value of the EV-HCS is determined as:
where Q* is the reference reactive power established by the SG to be produced by the EV-HCS. This is the main control equation, since all the modes can be defined from it. The value of ihcs*[n] is calculated by the control with the variables acquired in the instant [n], and is maintained during the period [n, n+1]. Aiming to get a sinusoidal current ihcs* independently of the grid voltage waveform, a phase-locked loop (PLL) is used in detriment of the real measured value. The value of ihcs* is used as reference for the ac-dc converter in the control strategy, defined by:
where ihcs is the measured current, L1 the inductance value of the coupling passive filter in the ac side, Ts the sampling period of the control, and vac the pulse-width modulation (PWM) voltage produced by the converter in the ac side downstream the coupling passive filter (cf. Fig. 2 
the voltage established between the points a and b). A unipolar PWM is used to select the state of each controlled semiconductor (in this case IGBTs are used) during the EV-HCS operation (i.e., the voltage vac).
On the other hand, the reference current for the dc-dc converter is defined by the battery management system according to the battery state-of-charge and the current is controlled by: where iev is the measured current, L2 the inductance value of the coupling passive filter in the dc side, and vDC the PWM voltage produced by the converter in the dc side downstream the coupling passive filter (cf. Fig. 2 
the voltage among the points c and d).
A PWM is used to choice the state of each IGBT throughout the EV-HCS operation (i.e., the voltage vdc).
IV. EV-HCS COMPUTATIONAL VALIDATION
A computational validation was performed using the PSIM software. The established model of the system (EV-HCS and the SH electrical appliances) was implemented contemplating real scenarios of operation, namely in terms of the harmonic content for the electrical appliances current and grid voltage. A Fluke 435 power quality analyzer was used to measure the harmonic content in a real installation and the attained values of voltage and current (amplitude and phase of each harmonic) were used in the developed model. Fig. 4 shows the active and reactive power in the SH (PSH, QSH), in the electrical appliances (PAP, QAP), and in the EV-HCS (PHCS, QHCS, PEV). This result was obtained to show the EV-HCS operation during the EV charging and discharging, and compensation of the current harmonics and the reactive power. Therefore, the active power in the SH is composed by the active power consumed by the appliances and the active power necessary for the EV charging. As the current harmonics and the reactive power are compensated by the EV-HCS, the reactive power in the grid-side is null. The reactive power produced by the EV-HCS is represented with a negative value due to the inductive reactive power consumed by the appliances, whereby the EV-HCS must supply capacitive reactive power. As shown in this figure, this result was obtained during 6 distinct stages: (1) The EV-HCS is turned-off, i.e., the active power and the reactive power in the home are established by the active power and the reactive power consumed by the electrical appliances; (2) The EV-HCS is turned-on to compensate the current harmonics and reactive power, i.e., to operate as active power conditioner; (3) The EV-HCS starts the operation as G2V (charging the EV battery) combined with the operation as active conditioner; (4) An electrical appliance is connected to the grid, increasing the active power in the grid-side and forcing the compensation of the EV-HCS, but the charging power of the EV (in the dc side) remains the same; (5) The EV charging is stopped (PEV = 0) with the EV-HCS only operating as active power conditioner; (6) besides the operation as active power conditioner, the EV-HCS starts the operation as V2G (discharging the EV battery to the grid). Fig. 5 shows the instantaneous measured values of the grid voltage (vpg), the SH current (ish), the electrical appliances current (iap), and the EV-HCS current (ihcs). As a support to exemplify the benefits of the EV-HCS, this figure shows two distinct cases, namely before and after the operation as active conditioner (i.e., compensating harmonics and reactive power). Before the operation as active conditioner, the instantaneous value of the home current (ish) is directly the sum between the electrical appliances current (iap) and the EV-HCS current (ihcs), resulting in a distorted consumed current from the grid, contributing to aggravate power quality problems. On the other hand, after the operation as active conditioner, the EV-HCS current is established to get a sinusoidal current in the ac-grid side of the SH. As it can be seen, the SH current is sinusoidal, meaning that only active power is provided by the grid. In this case, as expected, the appliances current remains, exactly, the same, i.e., the appliances operation are not influence by the EV-HCS operation. It is worth to mention that the SH current is sinusoidal independently of the harmonic distortion presented in the grid voltage, which is important to preserve the power quality in the grid side. In a SG perspective, where the use of the EV-HCS is predicable, the harmonic content of the grid voltage will be reduced, since the circulating currents in the distribution lines will be practically sinusoidal. Moreover, since this proposal is not limited to SHs, but can also be applied to other sectors (e.g., service buildings and industries), the achieved results will have a more important positive impact. Fig. 6 also shows the active and reactive power in the SH (PSH, QSH), in the electrical appliances (PAP, QAP), and in the EV-HCS (PHCS, QHCS, PEV). This result was attained to show the EV-HCS during the EV charging and discharging, and compensating the harmonics and the reactive power due to the nonlinear appliances. This result was also obtained to show EV-HCS regulating its power as a function of the operating power of the other appliances in the SH, i.e., establishing a power management strategy for all the appliances plugged in at the SH. Therefore, due to the flexible working power of the EV-HCS, the active power in the home (PSH) is maintained constant even changing the active power consumed by the electrical appliances (PAP).
This flexibility is also a key factor for a massive addition of EVs into the grid, since it allows to establish a set of coordinated EV charging strategies. Fig. 7 shows the active and reactive power in the SH (PSH, QSH), in the electrical appliances (PAP, QAP), and in the EV-HCS (PHCS, QHCS, PEV). This result was attained to show the EV-HCS operation, mainly producing reactive power to the grid, i.e., providing power quality functionalities to the SG. As shown, besides producing reactive power for the SG, it also operates as active conditioner for the SH (compensating harmonics and reactive power) and charges the EV battery (G2V mode). This result proves the main features and advantages of the EV-HCS for SHs and SGs.
V. CONCLUSIONS
An innovative off-board electric vehicle home charging station (EV-HCS) is proposed. As demonstrated along the paper, the EV-HCS represents a strategic equipment, enhancing the operation of smart homes (SHs) and contributing to their dissemination in smart grids. Besides the classical EV battery charging (G2V) and discharging (V2G) modes, the EV-HCS can also operate with flexible operating power and as an active power conditioner in the SH or smart grid perspective. The validation was performed mainly considering the operation during the EV charging and discharging with compensation of current harmonics and reactive power caused by nonlinear electrical appliances, as well as operation as a function of the power of the other appliances in the SH creating a power management stratagem. For a SH scenario, a traditional EV was considered in terms of battery charging requirements (battery with a nominal stored energy of 24 kWh and a charger with a nominal power of 3. 
